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Abstract  
 
Water plays a fundamental function in life and technology.  To gain a deeper knowledge 
to the problem of the hydration of biomolecules, the dynamics of water around a 89-
residue protein of interest in molecular recognition, cancer cell research and amyloid 
fribrils investigations is analyzed. The biomolecule is the ribonuclease inhibitor barstar 
wild-type.  The dynamics of the protein and the 7430 water molecules of the bath in 
which is immersed,  is monitored during a period of 7 ns by using all-atom molecular 
dynamics simulations.  The results confirm the existence of multiple time scales in the 
dynamics of water (10-1 to 103 ps) at atomic level.  That heterogeneity of residence 
times is not lost if the system of reference is just one atom of the inhibitor.  The 
dehydration process of barstar is considered through the analysis of time correlation 
functions obtaining an averaged decay time of τ = 84.0 ± 0.3 ps.  A power law 
distribution, with scaling exponent α =  0.57 ± 0.04, suggests that this hydration water 
exhibits a scale free dynamics (with respect to the residence time of solvent molecules).  
Most of the water molecules located on the surface of the protein spend times smaller 
than the picosecond while only about 1% of them stay for periods of time on the 
nanosecond scale. 
 
 
 
I. Introduction 
 
Water plays a fundamental function in life.  Exhibiting a ubiquitous character, 
biomolecules like proteins, nucleic acids, membranes etc, are immersed in it.  
Nevertheless it should not be regarded as just a solvent.  Investigating the biochemical 
and physicochemical  properties of water is essential for understanding biological and 
medical phenomena.1  Most of the biological molecules are physiologically inactive 
without the presence of water.  It plays an active role mediating molecular reactions: 
electron and proton transfer, enzymatic catalysis, protein folding, DNA repair and 
replication, molecular recognition between proteins etc.2  Detailed information of the 
dynamics of water localized to a biomolecule surface is necessary to understand many 
aspects of biological activity.3,4 
 
Different experimental techniques have been used to study the dynamics of 
biomolecules in water solution: neutron scattering, dielectric relaxation, nuclear 
magnetic resonance spectroscopy, time-resolved fluorescence ... .5,6  All these different 
techniques detect a range of time scales which are difficult to assign to particular decay 
channels.3,7  The reason is the intricate nature of the dynamics of the different 
components of the system (water, biomolecule, counterions...) which interrelate in a 
complex manner.  It is in that sense that molecular dynamics simulations can help 
making possible the identification and assignment of those various relaxation processes.  
Solving the equations of motion for each atom in particular, they can provide a 
microscopic and at the same time quantitative view of the problem.8  Untangling those 
different contributions, simulations can be regarded as essential to improve the 
knowledge of those experimental time scales. 
 
There are numerous studies, experimental as well as theoretical, showing that water 
dynamics near a protein surface is only affected to a small extent, typically a 2-4-fold 
slowdown.6,9-11  Simultaneously there are some other works, using experimental 
techniques and computer simulations, which report a wide range of time scales for the 
dynamics of water around biomolecules from femto- to nanoseconds  (10-15 to 10-9 s).  
In particular, they describe a slow component of the solvation dynamics on the 100-
1000 picoseconds time scale.2,12-14  These values are 2-3 orders of magnitude larger 
when compared with bulk water.4,14  Those apparent contradictions between different 
reports have been the object of a continuous debate.4,15  Slow hydration water is 
interesting for several reasons.  Firstly, slow solvation retards charge transfer 
processes.2,3  This discovery is essential in polar reactions occurring in supramolecular 
assemblies.  In fact, the rate of a chemical reaction is inversely proportional to the 
solvent time decay.16,17  Secondly, a slower hydration water aids to maintain the 
structure of a protein under unfavourable circumstances, preventing dehydration etc.2  
Thirdly, water is the lubricant of life.  Slow solvation increases friction on the surface 
involved, even at the spatial scale this work concerns: the nano-scale.18 
 
Clearly a better understanding of  solvation dynamics of complex systems is 
desirable.4,19  In this paper we present a study of the dynamics of the first hydration 
shell of the biomolecule barstar through the analysis of the residence times of the water 
molecules on it.    Barstar, which can be found in Bacillus Amyloliquefaciens as a 
ribonuclease inhibitor, is a 89-residue protein of interest in molecular recognition (drug 
discovery)20, cancer cell research21 and amyloid fibrils investigations 
(neurodegenerative diseases)22.  To gain an atomic level knowledge we use all-atom 
molecular dynamics simulations to follow the dynamics of the system (details are 
presented in section II of the paper).  Thus in section IIIa (macroscopic view), an 
averaged relaxation time is calculated through a correlation function.  In section IIIb a 
power low distribution suggests the scale free nature of the hydration water considered, 
and in section IIIc a microscopic analysis (a unique atom of the protein is considered) 
shows the existence of various time scales in the water surrounding barstar.  Spatial and 
temporal scales involved in this work: nano and femto-nano scales, respectively. 
 
 
II. Computational Details 
 
We have performed classical all-atom molecular dynamics simulations of aqueous 
solutions of the protein barstar (wild type). The initial structure of this inhibitor was 
obtained from the Protein Data Bank (PDB) code 1brs. We did not keep the water 
molecules included in the crystallographic PDB data.  The simulations were conducted 
using a double precision version of the GROMACS software package.23,24   After 
adding the hydrogens, the whole protein was immersed in a large cubic box of well 
equilibrated water by carefully avoiding unfavorable contacts.  The box dimensions 
were chosen to ensure a 1 nm thick solvation shell around the protein structure.  This 
procedure resulted in a solvated starting structure containing 23728 atoms which 
include 1435 protein atoms and 7430 water molecules.  This system was subjected to a 
series of steepest descent and conjugate gradient energy minimizations to remove 
possible unfavorable interactions between solute and solvent.   
 
The molecular dynamics simulations were performed by integrating the equations of 
motion employing stochastic dynamics (Langevin) and a time step (resolution) of 2 fs 
(0.002 ps).  A multi-component all-atom force field (OPLS-AA) described the 
interactions between the constituents of the system.25,26 Consistent with this force field, 
the three site simple point charge model (SPC)27 was used for modeling water. After an 
equilibration period, the trajectory for data production was performed in the canonical 
ensemble, i. e. at constant N, V and T, amounting a total time of 7 ns in order to capture 
the slow dynamics of the solvent.  The simulations were carried out at 300 K in a 
simulation box of 6.2 nm along the three axes.  We adopt the periodic boundary 
condition to prevent boundary effects. During the production run the root mean square 
deviation of the barstar molecule was found to maintain a steady value (around 0.17 
nm) with respect to its initial configuration indicating an equilibrated state.  The cutoff 
length for the Lenard-Jones and Coulomb potentials was set at 1.4 nm.  All bond 
lengths were constrained using the LINCS algorithm.28 The NVT production run was 
saved every 0.1 ps for later analysis. 
 
An equivalent simulation was performed (same conditions), but this time only water 
molecules were considered (bulk water).  As a result, the trajectory of a total of 7918 
solvent molecules was monitored during a production run of 7 nanoseconds which was 
saved every 0.2 ps for later analysis. 
 
 
 
 
 
III. Results and Discussion 
 
IIIa.  Multiple Time Scales: Macroscopic view 
 
 The dynamics of the hydration water can be described by evaluating, as a function of 
time, the occupation of the water molecules on different shells around the protein.  That 
occupancy is related to the mobility (diffusion coefficient) of the water molecules 
through the shell considered.  Indeed, the dynamical properties of a fluid in the 
solvation shells of a solute can be obtained from time correlation functions.29 Thus, we 
have considered a normalized occupation function defined as   
 
          C(t)  =  [   <  Oi(to) Oi(to+t)>    /   <  Oi(to) Oi(to) >   ]
i=1
N
∑            [1] 
 
where Oi(to+t) takes the value of 1 (unity) if the water molecule i, that is within the 
region of interest at the time origin to, still exists in that region at time to+t  (the solvent 
molecule is not required to remain in that region at all times between to and t).  
Otherwise Oi(to+t) equals 0.  N is the total number of water molecules within the shell 
considered at to. The angular brackets denote averaging over various time origins in 
order to take into account different areas of the trajectory as well as improve statistics.  
Therefore C(t) gives the average number of water molecules that still remain, in the 
region of interest, after a time t.  In order to analyse the first hydration layer around the 
protein, we have calculated that function for water molecules that are present within a 
shell of thickness 0.4 nm from all atoms of the biomolecule, hydrogen excluded.  We 
chose 0.4 nm because although the number of water molecules will be comparatively 
small, larger radius will result in taking into account more of the bulk dynamics. 
 
The function C(t) was calculated, from the molecular dynamics simulations, following 
Equation 1 with a resolution of 0.1 ps by averaging over 14 initial times which were 
homogeneously distributed along the whole simulation (Fig. 1 upper curve).   Increasing 
the number of time-origins would improve precision (statistics) which is already good 
enough.  The tendency of the curve consists of a fast initial decay followed by a slower 
one.  This trend can not be described by a single exponential law.  A fit of these 
relaxation data allow to successfully depict the C(t) time evolution using a stretched 
exponential function exp[-(t/τ)β].30  The stretched exponential decay, also known as the 
KWW (Kohlraush-Williams-Watts) function, is often observed in several phenomena in 
complex condensed matter systems and supercooled liquids.31  The fit of our data to that 
function supplies parameter values τ	  = 84.0 ± 0.3  ps and β = 0.48 ± 0.01. 
 
The time constant τ = 84.0 ± 0.3 ps gives an estimation of the permanence time of 
waters in the solvent shell under study, providing the overall time scale over which the 
process develops.  A relationship between the occupation time and solvation dynamics 
can be intuitively contemplated since that occupation time is a measurement of the 
mobility of the water molecules.  Solvation on a similar time scale has been reported for 
water molecules confined at the surface of different proteins32, micelles33, nanoscopic 
non polar solutes29 and other biomolecules and hydrophobic materials12,34, both from 
experiments and simulations.  The normalized occupation function C(t), Equation 1, 
was also calculated for a 0.4 nm thick shell of bulk water with inner radius 
corresponding to the radius of barstar (Fig. 1 lower curve).  The diameter of the  protein 
can be estimated as 3.1 ± 0.5 nm (Protein Data Bank code 1brs).  The function C(t) 
was calculated by averaging over 14 initial times homogeneously distributed along the 
whole simulation of neat solvent.  The fit to a stretched exponential function provides a 
decay time of 36 ± 1 ps.  However this result for bulk water should be considered with 
precaution due to the simplifications of the model and the quality of the fit.  Thus, there 
are solvent molecules on both walls of the shell (inner and outer).  In a first 
approximation it might be guessed that this fact would reduce the relaxation time about 
twofold.   In addition the time scales of rotational and translational motions for bulk 
water have been reported to range from a few tens of femtoseconds to a few tens of 
picoseconds.14,35  Therefore the decay time obtained for the inhibitor barstar would be in 
agreement with the studies reporting that water dynamics near a protein surface is 
affected to a small extend (2-4-fold slowdown).6,9-11  On the other hand, recent 
experiments on solvation dynamics, performed on native barstar and monitored by the 
time-dependent dynamics Stokes shift measurements, detected mean solvent relaxation 
times within the range 10-100ps.36 
 
The exponent of the KWW exponential supplies information about how large is the 
deviation of the relaxation curve from a classical exponential since for β = 1 the 
mathematical expression of a simple exponential is restored.  In our case, a beta value of 
0.48 ± 0.01 shows a large deviation from a classical exponential decay indicating the 
presence of significant temporal disorder in the system.29 Stretched exponentials are 
frequently employed for modelling phenomena characterized by multiple relaxation 
rates.37  Stretched exponents β ~ 0.5 were described for other proteins as lysozyme38 
and for diffusion-controlled processes in molecular luminiscence39.   
 
 
IIIb.  Multiple Time Scales: Mesoscopic view 
 
Since the appearance of stretched exponentials can be related to the spread in the 
permanence time values indicating intricate time scales40, the number of water 
molecules that spend a given time t within the already considered cutoff of 0.4 nm from 
the protein has been calculated as Nw(t).  That number was obtained by averaging over 
25 origins of time distributed along the whole trajectory of the molecular simulation.  
Most of the water molecules stay during short periods of time near the protein, while 
few of them spend much longer times, reflecting heterogeneity in the temporal 
behaviour of hydration water.  
 
If the evolution of Nw(t) with time is represented in a a double-logarithm plot, a straight 
line is obtained (see Fig. 2).  This result shows that the distribution of the water 
molecules within the first hydration layer (cutoff 0.4 nm) of the protein barstar follows a 
power law, Nw~t-α , as a function of the residence times in that shell.  Therefore that 
biological water displays the same type of distribution at any scale, i.e., it is scale free41.  
Some empirically observed networks have been reported as scale free: social, computer 
or semantic networks.41  In our case, a scale free distribution in time with the agents at 
atomic level (water molecules) is presented. 
 
In the case of the hydration water of barstar the scaling exponent  was calculated as α =  
0.57 ± 0.04.  Power law distributions with 1/2 < a < 3/2 were found for diffusion 
models of ion-channel gating in proteins.42  In our case we could define a binary signal 
in time of either inside or outside the cutoff of 0.4 nm.  The position x = 0.4 nm, where 
x is the distance of the water molecule under consideration to the protein, would 
correspond to the open-channel state, and the remaining positions x < 0.4 nm would 
correspond to the closed-channel states. 
 
 
IIIc.  Multiple Time Scales: Microscopic view 
 
To gain a microscopic understanding of the observed scale free dynamics, we calculated 
the distribution of times that the water molecules exhibit around a given environment 
(atom) of barstar.  Thus, the time that the solvent molecules spend at a distance smaller 
than 0.4 nm from the nitrogen atom of the amine group of the non polar residue 
Tryptophan 44 is shown in Fig. 3.  More than a biphasic behaviour, as reported from 
macroscopic studies for various biomolecules3, a wide distribution of times is depicted.  
This figure provides an atomistic view for the heterogeneity of times detected by the 
residence time power law distribution (Fig. 2) and the stretched exponential (β 
departure from 1, Fig. 1).  Similar calculations to those showed in Fig. 3 performed for 
more than 50 different sites distributed along the whole protein, confirm the multi-time 
dynamics at atomistic level of the first hydration shell around barstar.  Since the lack of  
homogeneity associated to the non-exponential relaxation might be correlated with a 
spread in the barriers of the energy landscape,43,44 and the singular properties of water 
are widely due to the peculiar character of its hydrogen-bonded network, we have 
carried out an study of the hydrogen bonds that different water molecules exhibit with 
barstar and, on the other hand, with the rest of the solvent.  Thus, we have selected three 
types of water molecules spending around 1 ns, 100 ps and a few ps, respectively, in the 
first hydration layer of the protein. We used standard geometrical criteria for the 
determination of the existence of an hydrogen bond between two atoms: the distance 
between donor and acceptor atoms within 0.35 nm and the hydrogen-donor-acceptor 
angle smaller than 30º.45 
 
We have found that the water molecules that stay longer periods of time near the protein 
barstar, present more hydrogen bonds with atoms of the biomolecule than with the rest 
of the solvent, and vice versa.  Let us consider a water molecule (label 835 in Fig. 3) 
which spends more than 1 ns in the first hydration shell of 7 residues of the protein 
barstar.  Four of them are non polar (Alanine 40, Leucine 41, Valine 45 and Tryptophan 
44) while the rest are polar residues with no electric charge (Threonine 42, Glycine 43 
and Tyrosine 47).  This water molecule exhibits, during this period of time, an average 
of 2.5 hydrogen bonds with the inhibitor but just 1 with the solvent.   Each bulk water 
molecule in solution is able to form 4 hydrogen bonds at room temperature with an 
average of ~ 3.5.5,46 If that calculation is performed for a water molecule which spend  
just  some few picoseconds within the first solvation layer of those residues, the average 
decreases to 0 hydrogen bonds with barstar and increases to 3.5 ones with the solvent. It 
is important to remember that a water-protein hydrogen bond is stronger than a water-
water one.47,48  This fact contributes to the preference of the water molecules for, if 
possible, being hydrogen bonded to the protein.  Roy and Bagchi have recently studied 
the free energy barriers for escape of water molecules from protein hydration layer.35   
They broadly classify water molecules at the protein surface as free and quasi-bound 
species. Interfacial free water molecules do not form any hydrogen bonds with the 
protein while interfacial quasi-bound water molecules can be either singly or double 
hydrogen bonded.  They  have found that water molecules double hydrogen bonded to 
the protein HP-36 exhibit longer residence times than those singly hydrogen bonded and 
much longer times than interfacial free water molecules.  Construction of the water-
protein hydrogen bonds by suppression of the water-water ones prevents freezing of 
water around the biomolecule.  This quality of the hydration water preserves life at low 
temperatures.49-51 
 
Up to now this work has been devoted to time resolved dynamics.  In this paragraph we 
are going to address some consideration to spatially resolved dynamics.  Thus, 
fluorescence experiments have shown that the dynamics of hydration water changes 
from one to another region of biomolecules and other organized assemblies.2  However, 
it is not always easy to disentangling contributions of different processes. For example, 
the fluorescence relaxations observed does not necessarily reflect solvation dynamics 
only.2 A comparison between the landscapes depicted in Fig. 3 and 4, illustrates the 
dependence of the residence time distribution with the particular environment of barstar.  
The sites of reference considered in these figures are different: the oxygen of the 
carboxyl group on the polar positively charged residue Lysine 22 and the nitrogen atom 
of the amine group of the non polar Tryptophan 44 residue of the biomolecule, 
respectively.  Similar calculations to those showed in these figures performed for more 
than 50 different sites of the protein confirms, at atomic level, that the landscape of the 
time distribution is highly dependent on the nature of the environment considered, i.e., 
site specific.  The solvation dynamics, even from an atomistic point of view, vary 
notably from one site to another on the surface of the protein barstar.  The topological 
disorder of the biomolecule, mainly due to its intrinsic chemical nature, clearly 
influences this spatial heterogeneity.  This result is in good agreement with fluorescence 
experiments and simulation data2  but  also with the existence of different relaxation 
times for different regions of proteins52. 
 
Some water molecules in the first hydration layer of barstar display survival times 
around or even larger than 1 ns (Fig. 3).  Due to the significance of slow dynamics in 
hydration water, the average number of these slower water molecules around the protein 
was calculated giving a value of  5 ± 1 molecules.  This is a relatively small value 
(~1%) when compared with 370 ± 5, the total number of water molecules within the 
referred hydration layer (cutoff 0.4 nm).  These water molecules that are restricted in 
motion constitute a bridged structure by simultaneously forming hydrogen bonds with 
various residues of barstar (see above).  The rarity of water molecules doubly hydrogen 
bonded to the protein HP-36 has been reported to be due to the fact that their formation 
requires constrained arrangement which is entropically demanding.35  Relaxation times 
in the nanosecond scale have been described in various works performed on 
biomolecules.2  These water molecules with long residence times, contribute to increase 
the mean value of the residence time of the solvent molecules in the first hydration 
shell.  Moreover, the friction on the protein surface due to solvation should be 
intuitively influenced by the mean time that the water molecules spend in the hydration 
shell of the biomolecule without being exchanged with solvent.  Consequently due to 
these slower molecules the friction on the protein due to the hydration layer, a nano-
scale friction, increases.   
 
However, most of the water molecules of the first hydration shell of barstar exhibit 
residence times which are orders of magnitude smaller than the nanosecond (see Figs. 2, 
3 and 4).  We are talking about a scale of time smaller than the picosecond.  Time-
dependent dynamics Stokes shift (TDSS) measurements, performed on proteins in 
solution, detect a fast component ( < 1 ps ), which is popularly assigned to the 
relaxation of the bulk solvent, and slower components ( > 10 ps )  which are assigned to 
the hydration water.18,47,53  The small residence times detected for the hydration water of 
barstar from atomic level analysis (see above) show that this kind of water can also 
contribute to the fast solvent dynamics detected for that protein from recent TDSS 
experiments36.  That is, not only the bulk water but also the hydration one can be 
responsible for the fast dynamics exhibited by TDSS measurements performed on this 
system.  In addition it is possible to say that most of the water molecules in the first 
hydration shell around barstar display weak links with the protein (they do not spend 
much time near it).  In this sense, there are far more weak links than strong ones around 
barstar.  The reason is the scale free nature of that hydration  water.  Weak links are 
responsible for the fast dynamics exhibited by the referred hydration water. Strong links 
are important for complex systems but weak links are essential to stabilize them.54 
 
The atomic level analysis performed in this section IIIc shows that the dynamics of the 
hydration water around that protein exhibits residence times which are 2-3 orders of 
magnitude larger than that of bulk water.  However, the results obtained in section IIIa 
(decay time) suggest than that hydration water would be affected to a smaller extent.  
Both apparent contradictory results could be conciliated considering: i) that the 
calculated relaxation time represent an average over a wide range of time scales, and ii) 
that only around 1% of the hydration water surrounding barstar exhibits residence times 
on the nanosecond scale.  The absence of any noticeable slow component in NMR 
relaxation experiments have been recently explained as due to the average time constant 
this technique provides.4,55  Then, if macroscopic data are considered (global/averaged 
view), the dynamics of the hydration water would be affected only to a small extent (2-
4-fold slowdown) due to the reduced number of very slow solvent molecules in such a 
layer.  However if microscopic data are taken into account, the hydration water 
dynamics would exhibit a slow component neatly smaller than that of the bulk water (2-
3 orders of magnitude). 
 
 
 
 
IV. Conclusion 
 
The study of the hydration water of barstar exhibits a broad distribution of relaxation 
times suggesting a complex landscape for the flow out of the dynamics of this special 
water.  Residence time distribution functions, calculated for the entire solvent molecules 
of the first hydration shell, reveal that such temporal distribution follows a power law.  
Therefore that hydration water around the protein can be regarded as a scale free system 
with respect to the distribution of residence times of water molecules.  In this sense, 
most of the solvent molecules located on the surface of the protein (cutoff 0.4 nm) 
spend times smaller than the picosecond on it  while only about 1% of them stay for 
periods of time on the nano second scale.  There are far more weak links than strong 
ones around the biomolecule.  The microscopic analysis of the residence times shows 
that the hydration water around barstar can also contribute to the fast solvent dynamics 
detected for that protein from recent time-dependent dynamics Stokes shift experiments.  
That is, not only the bulk water but also the solvent molecules located on the surface of 
barstar can be responsible for the fast dynamics exhibited by those experimental 
measurements.  
 
In this article it is show how a better understanding of the dynamics of water 
surrounding proteins may benefits from atomistic deeper approaches.  It would be of 
interest to analyse if the hydration water of other biomolecules or materials like 
polymers, nanotubes, nanoassemblers etc. can be described as a scale free system.  We 
look forward to having contributed in some way to a better understanding of the 
dynamics of this type of always fascinating water. 
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Figures 
 
Fig. 1.  Normalized occupation time correlation function for water in the first hydration 
shell of the protein barstar (upper curve).  C(t) represents the number of water 
molecules that remain in the region of interest at a given time t with respect to that 
number at the initial time.  The symbols are the data points obtained from molecular 
dynamic simulations at 300 K.  The function C(t) was calculated using Equation 1 with 
a cutoff of 0.4 nm.  That equation was also used to estimate C(t) for bulk water from a 
simulation of neat solvent (lower curve).  In both cases the continuous line represents 
the fit using a stretched exponential function.  See text for details. 
 
Fig. 2.  Number of water molecules (y-axis) that spend a time t (x-axis) within a cutoff 
of 0.4 nm from the protein surface. Both axes are in logarithmic scale. The resolution in 
time is 0.1 ps.  The number of water molecules has been obtained by averaging over 25 
time origins distributed along the whole trajectory of the molecular dynamics 
simulation.  The straight line represent the best fit to a power law distribution t-α with 
α = 0.57 ± 0.04.   
 
Fig. 3.  Distribution of residence times for water molecules located within a cutoff of 
0.4 nm from a specific site of the protein: the nitrogen atom of the amine group on the 
non polar Tryptophan 44 residue.  If a given water molecule (y-coordinate), at a 
particular time of the simulation (x-coordinate), is located at a distance of that site 
smaller than the cutoff, then a cross appears at the corresponding (x,y) location.  If the 
distance is higher or equal than the cutoff, a blank is settled instead. The presence of 
multiple time scales can be clearly seen at this atomic level.  Remark the slow dynamics 
exhibited by molecules with residence times on the nano-scale.  Data calculated from 
molecular dynamics simulations.  The resolution in time is 1 ps.  
 
Fig. 4.   Distribution of residence times for water molecules located within a cutoff of 
0.4 nm from a specific site of the protein: the oxygen atom of the carboxyl group on the 
polar positively charged Lysine 22 residue.   If a given water molecule (y-coordinate), at 
a particular time of the simulation (x-coordinate), is located at a distance of that site 
smaller than the cutoff, then a cross appears at the corresponding (x,y) location.  If the 
distance is higher or equal than the cutoff, a blank is settled instead.  No residence times 
on the nanosecond scale can be observed.  Data calculated from molecular dynamics 
simulations.  The resolution in time is 1 ps. 
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Fig. 3.  Distribution of residence times for water molecules located within a cutoff of 
0.4 nm from a specific site of the protein: the nitrogen atom of the amine group on the 
non polar Tryptophan 44 residue.  If a given water molecule (y-coordinate), at a 
particular time of the simulation (x-coordinate), is located at a distance of that site 
smaller than the cutoff, then a cross appears at the corresponding (x,y) location.  If the 
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multiple time scales can be clearly seen at this atomic level.  Remark the slow dynamics 
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Fig. 4.   Distribution of residence times for water molecules located within a cutoff of 
0.4 nm from a specific site of the protein: the oxygen atom of the carboxyl group on the 
polar positively charged Lysine 22 residue.   If a given water molecule (y-coordinate), at 
a particular time of the simulation (x-coordinate), is located at a distance of that site 
smaller than the cutoff, then a cross appears at the corresponding (x,y) location.  If the 
distance is higher or equal than the cutoff, a blank is settled instead.  No residence times 
on the nanosecond scale can be observed.  Data calculated from molecular dynamics 
simulations.  The resolution in time is 1 ps. 
 
 
 
 
 
 
 
 
 
 
